ABSTRACT: Wind erosion is a key component of land degradation in vulnerable dryland regions. Despite a wealth of studies investigating the impact of vegetation and windbreaks on windflow in controlled wind-tunnel and modelling environments, there is still a paucity of empirical field data for accurately parameterizing the effect of vegetation in wind and sediment transport models. The aim of this study is to present a general parameterization of wind flow recovery in the lee of typical dryland vegetation elements (grass clumps and shrubs), based on their height (h) and optical porosity (θ). Spatial variations in mean wind velocity around eight isolated vegetation elements in Namibia (three grass clumps and five shrubs) were recorded at 0.30 m height, using a combination of sonic and cup anemometry sampled at a temporal frequency of 10 seconds. Wind flow recovery in the lee of the elements was parameterized in an exponential form,
Introduction
Wind erosion is a major abiotic driver in drylands that can have important consequences for landscape evolution, biogeochemical cycling, regional climate, land degradation and public health (Griffin et al., 2001; Reynolds et al., 2001; Wiggs et al., 2003; Goudie and Middleton, 2006; Li et al., 2007 Li et al., , 2013 Ravi et al., 2011) . The extreme nature of drylands means that semi-arid vegetation is often patchy and sparsely distributed (Bailey, 2011; Getzin et al., 2014) , providing drag on the overlying airflow and thus significantly complicating aeolian dynamics at the surface (Ash and Wasson, 1983; Wolfe and Nickling, 1993; Wiggs et al., 1994 Wiggs et al., , 1995 King et al., 2005) . Given the potential impacts of increased sediment mobility at the landscape scale (Thomas et al., 2005; Wang et al., 2009; Stewart et al., 2014) following dramatic shifts in vegetation structure (Li et al., 2008; Sankey et al., 2012) , it is crucial to better constrain the behaviour of windflow around dryland plants.
It has been well documented that sparse dryland vegetation modulates the erodibility of the surface and the erosivity of the wind through three primary mechanisms (Wolfe and Nickling, 1993) : directly sheltering a portion of the erodible surface (e.g. Al-Awadhi and Willetts, 1999; Leenders et al., 2007) , trapping saltating particles (e.g. Gillies et al., 2000 Gillies et al., , 2014 Davidson-Arnott et al., 2012) and acting as a form of roughness that results in the growth of a boundary layer downwind (Greeley and Iversen, 1985; Wasson and Nanninga, 1986; Gillies et al., 2002; Gillette et al., 2006) . Using wind tunnel experiments, Judd et al. (1996) built upon this concept by identifying six distinct zones of airflow behaviour around single porous roughness elements, including a low-velocity (recirculation) zone in the immediate lee and a turbulent mixing zone growing downward from a thin layer at the top of the obstacle. It has been shown that these downwind protective wakes extend to approximately 7-10 h, where h is the height of the element (Leenders et al., 2007; Youssef et al., 2012; Gillies et al., 2014; Wu et al., 2015; Mayaud et al., 2016a) . Judd et al.'s (1996) model for single roughness elements has been subsequently supported by wind tunnel data (e.g. Sutton and McKenna-Neuman, 2008; Youssef et al., 2012; Suter-Burri et al., 2013; Lee et al., 2014; Wu et al., 2015) and a handful of field experiments (Leenders et al., 2007; Gillies et al., 2014; Mayaud et al., 2016a) .
Several studies (e.g. Raupach, 1992; Hagen, 1996; Okin, 2008; Leenders et al., 2011; Dupont et al., 2014 ) have sought to analytically or numerically model the recovery of wind flow in the lee of vegetation elements. Such models rely on empirical data to properly parameterize their recovery curves, which are usually based on scaled-down wind tunnel experiments or measurements taken around sand fences and windbreaks. Windbreak studies (e.g. Perera, 1981; Grant and Nickling, 1998; Wu et al., 2015) have been particularly useful for determining relationships between height, width, porosity and species type of elements. For instance, Taylor (1988) found that drag coefficients decreased exponentially as the porosity of a two-dimensional barrier increased, whilst others (e.g. Wang and Takle, 1996; Kim and Lee, 2002; Lee et al., 2002; Cornelis and Gabriels, 2005) have shown that elements with intermediate porosity strike a compromise between shear stress reduction and the downwind distance for which it is effective. Although findings from windbreak studies are of some relevance to plants (Grant and Nickling, 1998) , the twodimensional nature of a fence is much simpler than the three-dimensional problem posed by plants. It is therefore necessary to provide robust, field-based parameterizations of wind flow recovery in the wakes of full-scale vegetation elements.
The aim of this study is to present a new parameterization of flow recovery in the lee of porous, three-dimensional vegetation elements using a field dataset of eight different isolated plants. By linking the rate of recovery and minimum velocities measured in the lee to the porosity of the elements, we contribute to a wider goal in the literature of improving the way windflow can be treated in large-scale models of dryland landscape evolution.
Methods

Field site
The field study was carried out in two locations in Namibia (see Figure 1a) . Three grass experiments (denoted using the prefix 'Gr') and two shrub experiments (denoted using the prefix 'Sh') were conducted in the southwest Kalahari Desert, 4 km north of the Auob River (25°29 0 15″ S, 19°40 0 35″ E), and three shrub experiments were conducted in the Skeleton Coast National Park,~5 km inland from the coast along the Huab River valley (20°52 0 06″ S, 13°29 0 24″ E). The Kalahari Desert site was in a farmerˈs field on raised, flat terrain populated mainly by Stipagrostis amabilis grasses, Rhigozum trichotomum shrubs and Acacia erioloba trees. A wide strip of grazed land meant that the vegetation pattern did not change for >500 m. The Skeleton Coast site consisted of small, irregularly spaced live and dead Zygophyllum stapfii shrubs, distributed on a large, flat gravel plain. Both sites were characterized by isolated roughness flow (Wolfe and Nickling, 1993) . The eight vegetation elements in this study were chosen to be representative of their surrounding populations in terms of height, width and porosity [see Mayaud et al. (2016a) for frequency distributions of vegetation types at the Kalahari site]. The characteristics of the study elements are summarized in the table in Figure 1c . The optical porosity (θ) of the study elements was determined using a digital photogrammetry method adapted from Kenney (1987) . Digital photographs (Nikon D3100 DSLR camera with a resolution of 14.2 Megapixels) of part of the canopy were taken at approximately 0.40 m from the elements in the principal wind direction, thus accounting for the plant structures that the wind interacts with directly. The photographs were enlarged to fill the image dimensions, converted to greyscale images, and the perimeter of the plant was defined using a polygon that was inputted into the code manually. A variety of threshold values for black (plant branches) and white (open area) pixels were calculated, and the best fit to actual element shape was visually determined (as described by Gillies et al., 2000; Leenders et al., 2007) . The percentage of white pixels was taken as the mean optical porosity of the element canopy.
Experimental setup
Two types of experiments were conducted in this study: (i) six cup anemometer experiments (two grass clumps and four shrubs); (ii) two sonic anemometer experiments (one grass clump and one shrub). The cup anemometers collected horizontal wind velocity data at a sampling frequency of 10 seconds, whilst the sonic anemometers collected threedimensional wind velocity data (u, horizontal; v, spanwise; and w, vertical) at a sampling frequency of 10 Hz, which was subsampled to 10 seconds. The sonic anemometer experiments were part of a related set of experiments (see Mayaud et al., 2016a) designed to provide three-dimensional, high frequency turbulent windflow measurements and these turbulence data are not reported here. The subscripts 'cup' and 'sonic' are employed to distinguish between the anemometer types used for each experiment. Except for a difference in the type and number of anemometers deployed, the format for both experiment types was the same.
For both experiment types, relevant anemometers (cup anemometers: Vector Instruments A-100 R; sonic anemometers: Campbell CSAT-3) were deployed around each study element to collect wind velocity data in a number of different 'setups' (see Figure 1b ) designed to cover as many of the important zones of disturbed wind flow as possible (Judd et al., 1996) . For the cup anemometer experiments, eight different 'mobile' anemometers fixed to thin steel masts were deployed simultaneously during each setup. For the sonic anemometer experiments, one mobile anemometer was deployed during each setup, with the anemometer arms aligned parallel with the prevailing wind direction and level in the horizontal plane. All mobile anemometers were mounted at 0.30 m height, which corresponds to a balance between capturing wind characteristics that occur close to the surface, whilst minimizing the interference of saltating sand with the sonic measurement path (Weaver and Wiggs, 2011) . For both experiment types, an extra sonic anemometer was mounted at 0.30 m height and placed at a fixed location 20 h upwind and 15 h to the side of the experimental plots in a non-distorted environment (i.e. with a significant fetch over a flat, bare surface). This provided a mean upwind reference wind velocity (ÀU ) for each setup against which mobile anemometry data could be normalized, as well as wind direction data. Normalization is indicated using the 'norm' subscript.
The mobile anemometer(s) were moved within a grid formation upwind, downwind and to the sides of each element (as shown by black dots in the Figure 2 plots), oriented in the direction of the wind. Each grid was divided into a number of measurement setups, during which the mobile anemometer(s) and reference anemometer simultaneously recorded wind velocity. To ensure sufficient data were acquired for subsequent analysis, each setup was run for a minimum of 20 minutes. The alignment of the experimental plot relative to the wind was altered after every instrumental setup to reflect any minor wind directional changes, and any misaligned data were removed in subsequent analysis (see Data analysis section). Throughout this study, annotation for measurement locations is given as h d (downwind distance) and h L (lateral distance) in terms of the height of the element. Wind flow was measured from -2h d (i.e. upwind) to 15-20h d depending on the element, and up to 3h L . Lateral wind flow was only measured on one side of each element, as wind dynamics were considered to be effectively symmetrical about the centreline of the wake (Leenders et al., 2007; Mayaud et al., 2016a) . Prior to the experiments, all eight cup anemometers were calibrated in the field by comparing their velocity readings to those obtained from one of the sonic anemometers at the Kalahari site. The cup anemometers and the sonic anemometer were left to record wind velocity data simultaneously at 0.30 m height, at 10-second intervals, over a total period of 66 hours. There was a very strong [R 2 = 0.98; root mean square error (RMSE) = 0.20] correlation between the full cup and sonic anemometer data. If only low wind velocities (< 3 m s À1 , as measured by the sonic anemometer) are considered, the correlation is still very strong (R 2 = 0.96; RMSE =0.25). This suggests a lack of a significant 'hysteresis effect' (e.g. Kaganov and Yaglom, 1976; Knott and Warren, 1981; Weaver, 2008) , whereby cup anemometers exhibit a non-linear response to changes in wind velocity due to the inertia of the instrument.
Data analysis
The eight experiments were conducted on separate windy days in August and September 2014 (Figure 1c) , at similar times of day and temperatures. Mean approach wind velocities as measured by the reference anemometer during each measurement setup ranged from 2.79 m s À1 (Gr cup 1) to 6.89 m s À1 (Sh cup 3). These velocities were representative of the general conditions measured at the respective field sites over a period of two to four weeks. Reynolds numbers (Re) were calculated using the element height and minimum upstream velocity for each experiment (Gillies et al., 2010) , and ranged from 4.4 × 10 5 (Gr cup 1) to 2.6 × 10 6 (Sh cup 2) (see table in Figure 1 ). These exceed the value of 2-3 × 10 4 above which negligible Re dependency is commonly assumed (Lim et al., 2007) . No sediment transport was observed during the course of any of the experiments.
In order to ensure that the airflow detected at each measurement location had interacted as much as possible with the study element, the datasets were filtered to exclude oncoming wind directions >5°from the mean wind direction through the course of the experiment (Mayaud et al., 2016a) . After this filtering process, the mean number of consecutive minutes of data per measurement setup ranged from 6.6 minutes (Sh sonic 1) to 23.0 minutes (Sh cup 4). These lengths satisfy van Boxel et al. 's (2004) recommendation that sampling periods for the wind velocity conditions and measurement height (0.30 m) reported here should ideally exceed~4 minutes, in order to capture the full range of turbulent eddies in the boundary layer.
The sonic anemometer data (reference, and mobile, anemometers where appropriate) were post-processed to correct for any minor errors in aligning the anemometer heads into the mean approach wind flow. The streamwise frame of reference was rotated in accordance with the local streamline angle using yaw rotation (see Walker, 2005; Weaver and Wiggs, 380 J. R. MAYAUD ET AL.
2011), which effectively corrects the average spanwise velocity to zero (V = 0). Since the purpose of this study is to characterize the behaviour of wind flow horizontal to the surface, rather than along the plane of the streamlines, pitch rotation was omitted here. The application of roll rotation remains disputed practice for three-dimensional flow over non-uniform terrain (Kaimal and Finnigan, 1994; Lee and Baas, 2012) , so this was also omitted from the correction procedure.
Results and Discussion
Wind velocity data Figure 2 displays the spatial patterns of mean normalized wind velocity (Φ) around the eight study elements at 0.30 m height. Normalized wind velocities at each measurement location were interpolated using a triangulation-based natural neighbour algorithm, with a grid spacing of 0.1 m. This algorithm was chosen because it produced robust spatial features that were present using several other commonly used interpolation algorithms. Since wind velocity was quantified only on one side of each element in the field, the measured velocities were plotted symmetrically over the centreline of the elements in order to provide better visualization of recovery patterns.
The contour plots (Figure 2 ) show clear regions of reduced wind velocity compared to upwind values (Φ < 1.0) in the wakes all the elements. The extent of the distinct low-velocity zones ranged from 5h d (Gr sonic 1) to 12h d (Sh cup 2), and the intensity of the slowdown varied across elements. The grasses tended to produce a more intense slowdown than the shrubs, due to their lower porosity in general (Figure 1c) , which supports previous findings that low-porosity elements induce the greatest slowdown (Hagen and Skidmore, 1971; Perera, 1981; Mayaud et al., 2016a) . However, the element with the most visibly intense leeside reduction in wind velocity was Sh cup 4, which also had the lowest porosity (38%). Downwind of the low-velocity zones of Gr cup 1, Gr sonic 1 and Sh sonic 1, there was some evidence of slight wind velocity increases, likely due to the reattachment of the turbulent mixing zone (Judd et al., 1996) . There was a reduction in wind velocity directly upwind and some flow acceleration to the sides of some elements, although the magnitude of these changes was much lower than the wind velocity changes observed along the wake centrelines. Figure 3 displays the recovery of normalized mean wind velocity (Φ) at 0.30 m height along the centreline of the eight element wakes. The data for both grasses and shrubs was fitted using a saturating exponential function of the form 1 À e Àbx , as the recovery of windflow downwind of an obstruction is (Bradley and Mulhearn, 1983 Vigiak et al., 2003; Leenders et al., 2007; Gillies et al., 2014; Wu et al., 2015 , Mayaud et al., 2016a . There were very good fits between modelled and observed values (see table in Figure 3) , with high R 2 and low sum of square error (SSE) and RMSE values. Wind velocity recovered to equilibrium flow at approximately the same distance (9-11h d ) for the three grass elements (Figure 3a) , whereas the recoveries in the shrub cases displayed a much wider spread. This reflects the larger variety in optical porosity among the shrubs, with the two shrubs with the lowest porosities (Sh cup 2 and Sh cup 4) showing a much slower recovery to equilibrium flow than the other elements.
It should be noted that some of the vegetation elements in this study, particularly the grasses, were somewhat pliable. Pliable plant stems can in some instances alter their form to become more streamlined in high winds, leading to less effective momentum extraction (Gillies et al., 2000) and a decreased sheltering effect (Walter et al., 2012) . Pliability is difficult to control for and quantify in the field, and further work is required to ascertain its impact on flow recovery and sediment transport in field contexts.
Parameterization of wind velocity recovery
The recovery of surface wind velocity along the centreline of a porous elementˈs wake (u surf ) can be formulated in relation to a reference flow that is undisturbed by plants (u ref ) . Given the exponential nature of wind flow recovery, we parameterize the zone of reduced wind velocity in the wake of the grasses and shrubs as:
where u 0 is the minimum wind velocity in the direct lee (in this study, 1h d ) of the element, x h is the downwind distance from the nearest element in terms of element height, and b is a fitted coefficient that represents the recovery rate of the parameterized curve. The experimental data displayed in Figures 2 and 3 are useful for deriving physically realistic values for u 0 and b, which can themselves be considered a function of element porosity (θ), since porosity determines the ratio between airflow that passes through the elementˈs pores and airflow that diverges over the barrier (Leenders et al., 2011) . Figure 4 shows the best-fit relationships between θ and the b (Figure 4a ) and u 0 (Figure 4b ) parameters for the eight study elements. The coefficient of determination in the case of b was moderately strong (R 2 = 0.41), and much stronger in the case of u 0 (R 2 = 0.83). This difference in correlation strengths is likely due to the better experiment constraint on single-point measurements at 1h d (on which u 0 is based), in comparison to an aggregation of multiple measurements along the centreline (on which b is based).
The equations shown in Figures 4a and 4b are substituted as the coefficient values in Equation (1), such that: 
Comparisons to existing models
The recovery parameterization presented in this study is compared to three other published parameterizations: (i) Hagenˈs ( and Mulhearnˈs (1983) empirical data downwind of a wind fence (referred to as OK). Although the HA and OK functions were developed to describe friction velocity/shear stress, these parameters are linearly related to wind velocity for a given surface roughness such that recovery rates should be comparable. For the purposes of comparison, an obstacle porosity of 50% was assumed for all parameterizations. Figure 5 displays the recovery curve derived from our model alongside the curves for the three existing models. Our model compares relatively well to the LE model, particularly at distances greater than 5h d . In the immediate lee (1-3h d ), wind velocity recovers more rapidly in our function than the LE model, but both reach near-equilibrium around the same downwind distance (~8h d ). The LE model assumes a decrease in Φ between 0h d and 1h d , which could not be verified here as wind was not measured closer than 1h d during our experiments. However, the location of the minimum wind velocity is likely also located in this zone in the case of our grasses and shrubs. The recovery rates of the HA and OK models are significantly slower than our parameterized rate, with Φ reaching near-equilibrium around 21h d and 18h d , respectively.
The implication of these results, as previously noted by several studies (e.g. Gillies et al., 2014; Lee et al., 2014; Mayaud et al., 2016a) , is that three-dimensional porous forms such as grasses and shrubs may not be suitably parameterized using data from two-dimensional wind fences. Whilst airflow cannot move around an infinitely wide fence, isolated elements divert wind flow around their sides, which leads to fastermoving lateral flow mixing with slower-moving wake flow via counter-rotating vortices (Sutton and McKenna-Neuman, 2008) . This results in a more rapid recovery in wind velocity in the case of single elements. It follows that the relative width of an element could to a certain extent affect recovery in its wake. Basal to frontal area ratios in this study ranged from 1.23 (Sh sonic 1) to 2.54 (Sh cup 3), and elements with the lowest Figure 5 . Parameterized wind velocity recovery along the wake centreline of an element with a porosity of 50%. The models of Okin (2008) and Leenders et al. (2011) for porous shrubs, and of Hagen (1996) ratios (Gr cup 1, Gr cup 3 and Sh sonic 1) experienced higher lateral velocity increases than the other elements (see Figure 2) . However, in our experiments a significant proportion of airflow likely passed through the study elements as bleed flow, thus minimizing the overall impact of element width on flow recovery.
The lowest element porosity recorded in this field study was 38%, so the impact of particularly dense elements on flow was not characterized. Wind flow recovery in the wake of a sufficiently large vegetation patch can effectively be considered to act as if it has a porosity of 0%, due to the cumulative effect of closely spaced plants forcing skimming flow to develop above the canopy and zero flow to occur at the base of the canopy (e.g. Frank and Ruck, 2008; Burri et al., 2011; Youssef et al., 2012; Mayaud et al., 2016b) . Wind recovery in the wake of patches has been shown to be slightly longer than in the wake of individual elements (Mayaud et al., 2016b) , so elements with very low porosities may result in slight changes to the u 0 and b parameters. Since the wind in this study was not measured closer than 1h d , the specific flow dynamics between 0h d and 1h d are not accounted for in the current parameterization of our model. Nevertheless, we do not expect this to significantly alter the parameter relations presented in this study, which are based on the much larger downwind wake zone extending to 15-20h d .
Conclusion
In this study we present a new generalized parameterization for the recovery of wind velocity along the centreline of porous vegetation wakes. Spatial variations in surface wind velocity downwind of three grass clumps and five shrubs were measured at a sampling frequency of 10 seconds, and normalized to upwind reference velocities. Normalized wind velocity data were fitted using an exponential function, from which a rate parameter (b) could be determined for each element. Best-fit linear functions were derived relating the b parameter and the minimum wind velocity recorded in the lee (u 0 ) to the optical porosity (θ) of each element, since porosity determines the ratio between airflow passing through pores and airflow diverging over and around the element.
A parameterization for wind flow recovery in the lee of the elements was derived in an exponential form,
The best-fit parameters derived from the field data were u 0 = u ref (0.0146θ À 0.4076) and b = 0.0105θ + 0.1627. This parameterization was compared to three existing models (Hagen, 1996; Okin, 2008; Leenders et al., 2011) , assuming an element porosity of 50%. Whilst our model compared relatively well with that of Leenders et al. (2011) , which was parameterized using wind flow data around a real shrub, the models of Hagen (1996) and Okin (2008) , which were parameterized using wind fence data, assume a much slower downwind recovery of wind velocity. This suggests that two-dimensional wind fence experiments may not be suitable analogues for describing airflow around complex, three-dimensional forms. There is therefore an imperative to collect more field-based data on windflow behaviour around a variety of dryland plant types.
The recent progress in image-based techniques (e.g. Karl et al., 2011) and high-resolution remote sensing using airborne (Jupp et al., 2008) and ground-based (Sankey et al., 2013) LiDAR (light detection and ranging), means that a variety of plant characteristics -notably height (McGlynn and Okin, 2006) and porosity (Omasa et al., 2007) -can be quantified more easily and extensively than ever before. These advances could help to establish potential wind velocity patterns over large areas, and thus better constrain landscape evolution models that seek to robustly link local-scale processes to bedform development at larger scales.
